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erization and catalytic studies of
a redox-active Ni4-cubane: a detailed mechanistic
investigation†
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Prathap Ravichandran,a Sudipta Roy *b and Kartik Chandra Mondal *a

A robust tetrameric nickel complex [Ni4((Oal
�)2L-Me)4(s)4] (3) (s ¼ solvent) with cubane-like Ni4O4 core

topology was isolated as a light greenish-orange crystalline solid in excellent yield. The mechanism of

formation of 3 involving the two chloride-containing precursors [Ni4((Oal
�)2L-Me)4(s)4]$2MeOH (1) and

[Ni4((O
�)2L-Me)3((Oal

�)(OH)L-Me)Cl] (2) was studied by ESI mass spectrometry and confirmed by the

solid state isolation and single-crystal X-ray diffraction. The challenging ligand fields containing mono/

di-anionic O2N donating atoms and/or chloride ions stabilized the pentacoordinate Ni(II) ions in 1–2

upon controlling the experimental conditions. Complexes 1–3 have been characterized by NMR, UV-Vis

and mass spectrometric analysis. Complex 3 was found to be redox active by cyclic voltammetry (CV)

studies. Theoretical calculations were carried out to shed light on the effects of ligand fields on the

stability of complexes 1–3. Complex 3 was found to be a potential catalyst for the diastereoselective

cyclopropanation of heteroarenes with good to excellent yields. The ESI mass spectrometric analysis

revealed the existence of solution dynamics and oligomerization of 3 in solution. Mechanistic

investigation of the catalytic cycle revealed that complex 3 and its various oligomers bind to the

diazoester employed, followed by dissociative insertion of the respective carbene moieties to the C2–C3

double bond of the involved aromatic heterocycle, leading to the diastereoselective cyclopropanation.
1 Introduction

Nickel-based coordination complexes have been known to be
utilized as catalysts in several organic transformations.1 The
oxidation state and the coordination environment around the
metal center play an essential role in the respective complex's
catalytic efficiency. The penta-coordinate Ni(II) complexes2–17

have been reported in the literature as excellent catalysts for
alkene oligomerization due to the available vacant binding site
for the approaching substrates, followed by catalytic polymeri-
zation of the olen.4–12 In this regard, several neutral organic
ligands containing N3 donor sets have been employed to
synthesize the respective complexes with penta-coordinate Ni(II)
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X2 (X¼ Cl, Br) units.2–4,11–17 There are also a few reports where N3

donor ligands have been further functionalized with S-donor
atoms.11 Functionalization of ligands with bulky organic
groups around the N-donor favoring the Ni(II) ion's ve-
coordination is also reported.9 Sterically crowded, neutral N2-
donor stabilized dinuclear Ni(II) complexes have been shown to
efficiently catalyze ethylene polymerization.5 Neutral N2P-donor
bis-(oxazolinyl)phenylphosphonite ligand stabilized Ni-
complexes with penta-coordinate Ni(II) ions also have been
shown to be an active catalyst for oligomerization of ethylene.6

Neutral ON2 and O2N donor ligands have been shown to
stabilize Ni(II) with a ve coordination geometry.7 Interestingly,
the neutral N3-donor stabilized penta-coordinate Ni(II) uo-
roalkyl complex has been shown to produce F3Cc radicals upon
oxidation with ferrocenium cations.14 The neutral
bis(benzimidazolin-2-ylidene)pyridine pincer ligands have been
shown to stabilize Ni(II) ions with both tetra- and penta-
coordinate geometries.15 However, the choice of the ligand is
so far limited to the aforementioned classes of neutral ligands.
On the other hand, the two chelating pockets (P-I, P-II)-
containing di-anionic ligand, [(O�)2L

2�] [(OH)2L-Me ¼ (E)-2-
((2-hydroxy-3-methoxybenzylidene)amino)-4-methylphenol]
with O2N donor set (Scheme 1) was known in the literature to
stabilize Ni(II)-ions with only octahedral coordination geometry
to date.18–20 This di-anionic ligand was also shown to stabilize
RSC Adv., 2021, 11, 22849–22858 | 22849
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Scheme 1 Proton affinity values of (OH)2L-H and (OH)2L-Me ligands.
O2 (P-I) and O2N (P-II) pockets.
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Ni(II)-ions with square planar geometry when PPh3 was
employed as a co-ligand and reported as an excellent pre-
catalyst for the chemodivergent C–H functionalization and
cyclopropanation of aromatic heterocycles.21

Herein, we report the syntheses and isolation of three tet-
ranuclear Ni(II)-complexes [Ni4((O

�)2L-Me)2((Oal
�)(OH)L-Me)2-

Cl2(MeOH)(MeCN)]$2MeOH (1), [Ni4((O
�)2L-Me)3((Oal

�)(OH)L-
Me)Cl] (2) and [Ni4((Oal

�)2L-Me)4(s)4] (3) containing penta-
coordinate Ni(II) ions stabilized by partially and fully deproto-
nated ligands [(Oal

�)(OH)L-Me, (O�)2L-Me]. The formation of
the nal complex 3 is rationalized by the initial formation of the
chloride-containing H-bonded tetrameric complex 1 followed
by the elimination of HCl to form the intermediate 2 and its
successive deprotonation. The ferromagnetically coupled
complex 3 was isolated in excellent yield and shown to catalyze
the cyclopropanation of aromatic N/O-containing heterocycles
in good to excellent yield and diastereoselectivity.
2 Experimental section
2.1. Synthesis

2.1.1 Synthesis of [Ni4((O
�)2L-Me)4(s)4] (3) [s ¼ solvent ¼

MeOH/H2O]. A 1 : 1 molar mixture of NiCl2$6H2O (10 mmol,
2.38 g) and (H2L-Me) (10 mmol, 2.57 g) was dissolved in 150 mL
of MeOH and stirred for 15 min to obtain a clear solution. Et3N
(20 mmol, 2.0 g) was added dropwise over 5 min to obtain a clear
orange-brown solution. Dark orange-brown precipitate was iso-
lated in 94% yield (2.94 g). Block shaped greenish-orange single
crystals were obtained when the reaction was performed in double
volume of MeOH (300 mL). However, several attempts failed to
produce the single crystals of 3 with good diffraction quality.
Elemental analysis (Calcd) of [Ni4((O

�)2L-Me)4(s)4] (3): C 54.82
(54.74), H 5.31 (5.29), N 3.73 (3.87), Cl < 0.02 (0.0), which closely
matches with [Ni4((O

�)2L-Me)4(MeOH)4]$2MeOH. IR (KBr, cm�1):
2965, 2917, 2851, 1601, 1535, 1486, 1460, 1433, 1381, 1323, 1297,
1258, 1231, 1202, 1170, 1143, 1121, 1100, 1020, 971, 858, 822, 729,
668, 594. ESI-MS (m/z): 1253 as [M + H]+, 1275 as [M + Na]+, 627 as
[M + 2H]2+; M ¼ [Ni4((O

�)2L-Me)4], (O
�)2L-Me ¼ C15H13NO3.

2.1.2 Synthesis of [Ni4((O
-)2L-Me)3((Oal

�)(OH)L)Cl] (2). To
synthesize 2, 0.1 mmol (23.7 mg) of NiCl2$6H2O and 0.1 mmol
22850 | RSC Adv., 2021, 11, 22849–22858
(25.7 mg) of ligand (H2L-Me) was stirred in 20 mL of mixture of
solvents (3 : 1 by volume of MeOH and CH3CN) for 10 min to
obtain a golden-yellow color solution. Upon addition of
0.15 mmol (15 mg) of triethylamine as a base into this solution
changed the color to brownish. The reaction mixture was
further stirred for 10 min and was le for slow evaporation.
Aer six days of slow evaporation yellowish-orange color crystals
were formed. A suitable yellowish-orange block-shape crystal
was mounted for single crystal X-ray diffraction. Elemental
analysis (Cald) of [Ni4((O

�)2L-Me)3((Oal
�)(OH)L)Cl] (2): C 55.45

(55.76), H 4.25 (4.13), N 4.48 (4.34), Cl 2.41 (2.74). Selected IR
bands (KBr; cm�1): 2919(s), 2338(s), 1606(m), 1502(s), 1299(s),
726(m) (see ESI† for detailed characterization of 1–3).

2.1.3 General procedure (GP-4) for cyclopropanation of
aromatic heterocycles catalyzed by complex 3. 1.25 mol% of
complex 3 (32 mg) was taken in an oven dried 50 mL Schlenk
ask. 3 was dissolved in 10 mL dry DCM. A heterocyclic deriv-
ative 6 (2 mmol, 1 equiv.) was added under argon. Temperature
was brought down to 0 �C using an ice bath. To this a solution of
diazoester 7 (3 mmol, 1.5 equiv.) in 2 mL DCM was added
dropwise. Aer the addition the reaction was allowed to stir for
24 h at room temperature. Aer the reaction monitored by TLC,
the reaction mixture was transferred to a separating funnel and
washed with brine. The organic layer was extracted in DCM (3
times). The combined organic layers were dried over Na2SO4

and concentrated under reduced pressure. The cyclopropanated
product 8 was puried by column chromatography using silica
gel (200–400 mm) with n-hexane/EtOAc as the eluent to afford
the desired cyclopropane carboxylate derivatives 8.

2.1.3.1. Synthesis of 2-(tert-butyl)-6-ethyl-2-azabicyclo[3.1.0]
hex-3-ene-2,6-dicarboxylate (8a). Following general procedure
(GP-4), starting from N-Boc pyrrole, 6a (0.334 g, 2 mmol 1.0
equiv.), ethyl 2-diazoacetate, 7a (0.342 g, 3 mmol, 1.5 equiv.) and
complex 3 (L-Me)4Ni4(MeOH) (0.032 g, 1.25 mol%), 8a was iso-
lated as colorless gummy solid (0.197 g, 39%). Rf ¼ 0.55 (Hex/EA
¼ 10 : 1). 1H NMR (400 MHz, CDCl3, ppm) d: 6.53–6.37 (m, 1H,
Boc-NCsp2H), 5.33–5.28 (m, 1H), 4.37–4.21 (m, 1H), 4.07–4.04
(m, 2H, –OCH2CH3), 2.73 (s, 1H), 1.44 (s, 9H, –C(CH3)3), 1.19–
1.18 (m, 3H, –CH2CH3), 0.87 (s, 1H) (signal broadening due to
rotamers);25 13C NMR (101 MHz, CDCl3, ppm) d: 173.1, 172.8,
151.2, 150.9, 129.7, 129.5, 109.9, 81.6, 60.6, 44.2, 44.0, 32.1, 30.9,
28.2, 28.1, 23.0, 22.8, 14.2 (signal doubling due to rotamers);25

FT-IR nmax (neat)/cm�1: 2980, 2936, 1707, 1629, 1585, 1459,
1397, 1368, 1336, 1287, 1249, 1158, 1065, 1013, 935, 833, 762,
724; HRMS (ESI): m/z calculated for C13H20NO4 [M + H]+:
254.1387; found: 254.1390.

2.1.3.2. Synthesis of di-tert-butyl-2-azabicyclo[3.1.0]hex-3-ene-
2,6-dicarboxylate (8b). Following GP-4, starting from N-Boc
pyrrole, 6a (836 mg, 5 mmol, 1.0 equiv.), tert-butyl 2-diazo-
acetate, 7b (0.1066 g, 7.5 mmol, 1.5 equiv.) and complex 3 (L-
Me)4Ni4(MeOH) (0.081 g, 3.12 mol%), 8b was isolated as
a colorless gummy solid (0.548 g, 39%). Rf ¼ 0.45 (Hex/EA ¼
10 : 1); mp: 70–72 �C; 1H NMR (400 MHz, CDCl3, ppm) d: 6.50–
6.35 (m, 1H, ArH), 5.31–5.27 (m, 1H), 4.32–4.14 (m, 1H), 2.66 (s,
1H), 1.44 (s, 9H, –C(CH3)3), 1.37 (s, 9H, –C(CH3)3), 0.90 (s, 1H)
(signal broadening due to rotamers);25 13C NMR (101 MHz,
CDCl3, ppm) d: 172.4, 172.0, 151.1, 150.9, 130.1, 129.4, 110.0,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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81.5, 80.7, 40.0, 43.7, 32.1, 30.6, 28.2, 28.1 (signal doubling due
to rotamers);25 FT-IR nmax (neat)/cm

�1: 2977, 2933, 1704, 1585,
1477, 1457, 1392, 1366, 1341, 1291, 1254, 1133, 1020, 939, 896,
851, 829, 761, 720; HRMS (ESI):m/z calculated for C15H24NO4 [M
+ H]+: 282.1700; found: 282.1704.

2.1.4 Alternative method for cyclopropanation of aromatic
heterocycles catalyzed by complex 3 (GP-5). An oven dried
100 mL Schlenk ask was equipped with amagnetic stir bar and
charged with complex 3 (1.25 mol%) and heterocyclic derivative
6 (2 mmol, 1 equiv.). To this 2 mL of dry toluene was added with
vigorous stirring under argon atmosphere. Thereaer, the
diazoester 7 (7c–7f) (3 mmol, 1.5 equiv.) was added in 5 mL
toluene under argon atmosphere over a period of 30 min. Aer
addition, the reaction mixture was allowed for stirring at 100 �C
(oil bath temperature) for 24 h. Aer completion of the reaction
(as monitored by TLC), the reaction mixture was washed with
the brine solution and extracted with EtOAc. The organic layer
was passed through anhydrous Na2SO4 and dried using rotary
evaporator under reduced pressure. The reaction mixture was
further puried by column chromatography on silica gel (200–
400 mm) with hexane/EtOAc as the eluent which afforded the
desired cyclopropane carboxylate derivatives 8.

2.1.4.1. 2-(tert-Butyl)1-methyl-6b-methyl-1-phenyl-1a,6b-dihy-
drocyclopropa[b]indole-1,2(1H)-dicarboxylate (8i, major product).
Following the alternative procedure (GP-5), starting from N-Boc
indole, 6c (0.434 g, 2 mmol, 1.0 equiv.), methyl-2-diazo-2-
phenylacetate, 7c (0.529 g, 3 mmol, 1.5 equiv.) and complex 3
(L-Me)4Ni4(MeOH) (0.032 g, 1.25 mol%), 8i was isolated as
a colorless gummy solid (0.394 g, 54%). Rf ¼ 0.25 (Hex/EA ¼
9 : 1); 1H NMR (400 MHz, CDCl3, ppm) d: 7.43–7.38 (m, 2H),
7.05–6.90 (m, 7H), 4.91 (dd, J ¼ 43.0, 5.3 Hz, 1H), 3.73 (s, 1H),
3.66 (d, J ¼ 10.3 Hz, 3H), 1.65–1.53 (m, 9H); 13C NMR (101 MHz,
CDCl3, ppm) d: 173.65, 151.64, 142.42, 141.34, 132.34, 132.01,
30.30 128.39, 127.87, 127.59, 125.57, 125.11, 122.37, 114.62,
81.86, 52.79, 50.57, 35.50, 28.45; HRMS (ESI): m/z calculated for
C22H23NNaO4 [M + Na]+: 388.1519; found: 388.1520; FT-IR nmax

(neat)/cm�1: 2981, 1712, 1478, 1392, 1354, 1309, 1242, 1195,
1153, 1084, 1049, 729 (see ESI† for details).
Scheme 2 Syntheses of complexes 1–3 in MeOH rationalizing the
mechanism of their formation (top). ESI mass spectrometric analysis of
reaction solution (bottom). S ¼ solvent (MeOH/H2O).
2.2. Computational details

2.2.1. All the geometry optimizations were performed at
M06-2X/def2-SVPP level of theory. The single point energy
calculations were performed on the optimized coordinates at
M06-2X/def2-SVPP. The NBO calculations and wavefunction
generation were performed using the same level of theory and
basis set. NBO analysis22 was performed at M06-2X/def2-SVPP level
of theory using NBO 3.0 (ref. 23) program for the assessment of
Wiberg bond index (WBI)24 partials charge and natural bond
orbitals on the ligands and the complexes. ChemCra25 visuali-
zation soware was used to generate the optimized geometries and
orbital diagrams.

The wavefunction for performing Atoms in Molecules (AIM)26

analysis was generated at M06-2X/def2-SVPP to study the topology
and structural features of the ligands and the complexes. AIMALL
soware package27 (Version 10.05.04, Professional) was used to
© 2021 The Author(s). Published by the Royal Society of Chemistry
generate the electron density and Laplacian of electron density
from molecular wavefunction data (see ESI† for details).
2.3. HRESI-MS measurement

HRESI-MS measurements were conducted at a capillary
temperature of 225 �C. Aliquots of the solution were injected
into the device at 2.00 mL min�1. The mass spectrometer used
for the measurements was an Agilent Technologies 6545 Q-TOF
LC/MS and the data were collected in positive ion modes. The
spectrometer was previously calibrated with the standard tune
mix to give a precision of ca. 2.0 ppm within the region of 100–
3000 m/z. The capillary voltage was 2.5 kV, the tube lens voltage
was 1.0 kV, and the skimmer voltage was 65 V. The GC vials were
evacuated using a needle which was connected to the vacuum
line. The vials were purged with argon. This process was
repeated three times to make it air free. MeOH (1.4 mL) was
injected inside the GC vial and reaction solution (0.2 mL) was
also injected aer wards. Separately the needle/syringe was
made oxygen free (before use) by purging argon into it. The
RSC Adv., 2021, 11, 22849–22858 | 22851
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methanol was boiled under argon atmosphere for 2 h in
Schlenk ask to make it O2 free. Freshly distilled toluene (boiled
with Na/K alloy in the presence of benzophenone under argon
ow) and DCM (boiled with CaCl2 under argon) were utilized for
reaction with studying the binding of diazoester (7b) in DCM
and toluene. Catalyst 3 (0.1 mmol) which was isolated as orange
precipitate from MeOH was reacted with 7b (0.2 mmol) in
toluene and/or DCM (10 mL) at room temperature. The orange
brown solution was sampled over different time intervals to
study binding with the nickel centers of the catalyst.
3 Results and discussion

The ligand, (OH)2L-Me [(E)-2-((2-hydroxy-3-methoxybenzylidene)
amino)-4-methylphenol] was previously utilized as a deprotonated
di-anionic ligand for the syntheses of different coordination metal
clusters.19,20 To understand the electronic effect of the para-substi-
tution at the aminophenol part of the ligand on the successive
deprotonation and thereby on the overall complexation method, we
have calculated (at M06-2X/def2-SVPP level of theory) the rst and
second proton affinity values of the di-anionic [(O�)2L-Me] and
mono-anionic [(O�)(OH)L-Me] ligandswhich are in the range of 290–
334 kcal mol�1. Signicantly, the phenolic Oaminophenol moiety's
proton affinity value was found to be nearly 5 kcalmol�1 higher than
that of the Ovanillin moiety of the ligand (Scheme 1). The electron
density distributions and QTAIM analysis of the neutral, mono- and
di-anionic (OH)2L-Me ligands are given in the ESI.† Theoretical
calculations suggest that the presence of a methyl group (instead of
an H-atom in (OH)2L-H) at the para-position of the aromatic ring
(w.r.t phenolic O-atom) led to the signicant increase of the second
proton affinity value by 38–43 kcal mol�1 (Scheme 1).

Utilizing this crucial difference in proton affinity values,19 three
novel tetranuclear Ni(II) complexes (1–3) with ve/six-coordinate
Ni(II) centers were synthesized, isolated and characterized.
Table 1 Summary of the mass spectrometric analysis of various comple

Complexes Compositions of cation

[2 + H]+ [Ni4(L-Me)3(HL-Me)Cl + H]
[2 + Na]+ ¼ [30(HCl)+Na]+ [Ni4(L-Me)3(HL-Me)Cl + Na
[9 + Na]+ [Ni3(L-Me)3(KCl) + H]+

[50 0+2H]+ [Ni3(L-Me)3(CHCO2
tBu)(N2

[30 + H]+ [Ni4(L-Me)4 + H]+

[30 + Na]+ [Ni4(L-Me)4 + Na]+

[30 +NaCl + Na]+ [Ni4(L-Me)4(NaCl)+ Na]+

[30 + 2H]2+ [Ni4(L-Me)4 + 2H]2+

[4]+ [Ni4(L-Me)4(CHCO2
tBu)(N2

[5 + H]+ [Ni5(L-Me)5 + H]+

[5 + N2]
+ [Ni5(L-Me)5 + N2]

+

[50 + 2H]+ [Ni5(L-Me)5(CHCO2
tBu)(N2

[5 + 2H]2+ [Ni5(L-Me)5 + 2H]+

[5000 + H]+ [Ni6(L-Me)6 + H]+

[5000 + 2H]+ [Ni6(L-Me)6 + 2H]+

[5000 + H]+ [Ni6(L-Me)6NaCl(CH3CN)N
[10 + Na]+ [Ni8(L-Me)8 + Na]+

a For general conditions of mass spectrometric analysis see Experimental

22852 | RSC Adv., 2021, 11, 22849–22858
3.1. Synthetic procedures

A 1 : 1 : 2 molar mixture of NiCl2$6H2O, (OH)2L-Me and Et3N
reacted in methanol at room temperature to obtain a dark
orange-brown solution. The ESI mass spectrometric analysis of
the reaction solution aer 10 min showed the formation of
[Ni4((O

�)2L-Me)3((Oal
�)(OH)L-Me)Cl] (2) and [Ni4((Oal

�)2L-
Me)4(s)4] (3) [s ¼ solvent ¼ H2O/MeOH] (Scheme 2). The later
became the major product with the progress of time. Finally,
this reaction afforded the crystalline greenish-orange crystalline
solid of complex 3 in 94% yield, which was recrystallized from
DMF as 3$2DMF (Fig. 4, bottom; the structure of 3 is shown only
for atom connectivity). Several attempts to grow good quality
single crystals from various solvents and a mixture of solvents
suitable for X-ray diffraction were failed. The single crystals of 3
were found to be very weakly diffracting, limiting the high-
resolution structure determination (Fig. 4, bottom; see ESI†).
It is important to note that all efforts to produce 1 and 2
exclusively remained unsuccessful even though several reac-
tions were performed by varying stoichiometry of the base used,
cooling the reaction solution, and changing the base from Et3N
to NaOMe. In all the cases, 3 was found to be the nal product
indicating its high thermodynamic stability. Complex 3 was
characterized by ESI mass spectrometry as [3 + Na]+ and [3 + H]+

(Table 1). The bulk purity of 3 was also conrmed by elemental
(C, H, N, Cl) analysis. Complex [Ni4((O

�)2L-Me)3((Oal
�)(OH)L-

Me)Cl] (2) could be isolated en route to the structural charac-
terization of 3 only when the similar reaction was performed in
a much lower concentration of the metal ions and the ligands in
a mixture of solvents (MeOH : MeCN ¼ 3 : 1) at room
temperature.

The bulk purity of 2 was studied by elemental (C, H, N)
analysis including halogen (Cl: 2.50%) analysis. The formation
of complex 2 was conrmed by single-crystal X-ray diffraction
and ESI mass spectrometric analysis of the reaction solution as
xes and the intermediates (O�)2L-Me ¼ (L-Me)2- ¼ C15H13NO3
a

m/z z

+ 1289.08 1
]+ 1311.07 1

1014.02 1
CHCO2

tBu) + 2H]+ 1197.23 1
1253.11 1
1275.09 1
1333.05 1
627.05 2

CHCO2
tBu)+ 2H]+ 1510.26 1

1566.13 1
1593.13 1

CHCO2
tBu)+ 2H]+ 1823.28 1

783.57 2
1879.15 1
940.08 2

a–H]+ 1879.15 1
2527.19 1

section and ESI.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the mono-cations [2 � Cl]+ and [2 + Na]+ (Fig. 1). X-ray single-
crystal analysis revealed that 2 possesses a near defect-
dicubane Ni–O core topology (Fig. 2, top).

Another controlled experimental condition with 1 : 1 : 1
molar ratio of NiCl2$6H2O, (OH)2L-Me and Et3N in methanol
afforded the complex [Ni4((O

�)2L-Me)2((Oal
�)(OH)L-Me)2Cl2(-

MeOH) (MeCN)]$2MeOH (1$2MeOH). The absolute structure of
1 was determined by single-crystal X-ray diffraction as an H-
bonded dimer of the di-nuclear units [Ni2((O

�)2L-Me)((Oal-
�)(OH)L-Me)Cl(s)] (Scheme 2; s ¼ MeOH/MeCN). To have an
insight into the reaction progress, we have performed the time-
dependent ESI mass spectrometric analysis of the two different
reaction solutions containing 1 : 1 : 1 and 1 : 1 : 2 molar ratios
of NiCl2$6H2O, (OH)2L-Me, Et3N in methanol which revealed the
formation of 1–3 aer 10 min of initiation of reaction in both the
cases. However, irrespective of the various molar ratios taken,
complex 3was always isolated as thenal product in excellent yield
and therefore concluded 3 is the thermodynamically most stable
product among 1–3. The highest yield of the complex 3 was ob-
tained when the reaction was performed in 1 : 1 : 2 molar ratio.
The complex 3 was isolated as crystalline yellow-orange solid,
washed with cold methanol and dried in open air. This dry crys-
talline solid of 3 was utilized for further catalytic studies.

The formation of hydrogen chloride (Cl�) free complex, 30

could be rationalized by eliminating one equiv. of HCl from the
unsymmetrical complex 2 in the presence of Et3N. The
Fig. 1 Experimental and calculated ESI mass spectra of de-haloge-
nated complex 2 [Ni4((O

�)2L-Me)3((Oal
�)(OH)L-Me)Cl] as [(2 + Na)+]

(top) and 30 [Ni4((O
�)2L-Me)4] as [30 + Na]+ (bottom).

© 2021 The Author(s). Published by the Royal Society of Chemistry
formation of 2 was further rationalized by the isolation of 1
under controlled experimental conditions upon elimination of
one equiv. of HCl. The tetrameric complex 1 possesses two
acidic H-atoms in between the phenolic O-atoms and the Cl-
atoms bonded to Ni(II) centers, which undergoes the loss of
one HCl molecule in the presence of Et3N in solution leading to
the formation of 2. Presumably, the formation of 2 also involved
a rearrangement with the migration of one of the Ni((O�)2L-Me)
sub-unit of 1 (see ESI† for a plausible mechanism).
3.2. Crystallography

3.2.1 Structural aspects of complexes 1–3. Complex 1
crystallizes in the triclinic P-1 space group as [Ni4((O

�)2L-
Me)2((Oal

�)(OH)L-Me)2Cl2(MeOH)(MeCN)]$2MeOH (1$2MeOH).
The molecular structure of 1 could be visualized as H-bonded
dimeric form of the two dimeric units [Ni2((O

�)2L-Me)((Oal-
�)(OH)L-Me)Cl(MeOH/MeCN)] having terminal phenolic OH-
groups (O8/O9 and O4/O3) (Fig. 2).
Fig. 2 (Top) Molecular structure of H-bonded tetranuclear complex
(1$2MeOH) [Ni4((O

�)2L-Me)2((Oal
�)(OH)L-Me)2Cl2]$2MeOH. H-atoms

and MeOH were omitted for clarity except the two between O8 and
O9, O3 and O4. H-bonding was shown with dotted lines. Blue colored
Ni–Cl bond lengths are greater than 2.50 Å. Selected bond lengths (Å)
and angles (�): Ni1–Cl1 2.5267(16), Ni2–Cl1 2.4088(16), Ni3–Cl2
2.4035(18), Ni4–Cl2 2.5416 (18); Ni2–Cl1–Ni1 82.05(6), Ni3–Cl2–Ni4
81.50(5), Ni3–O7–Ni4 108.66(15), Ni2–O10–Ni1 109.33(15). (Bottom)
MEP plots (computed at iso-density surface value of 0.0004 a.u) of
two dimeric units [Ni2((O

�)2L-Me)((Oal
�)(OH)L-Me)Cl(MeOH/MeCN)]

showing the H-bond positions.
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Fig. 3 Hypothetical MEP plots (computed at iso-density surface value
of 0.0004 a.u) of X and Y fragments (Scheme 1) of [Ni4((O

�)2L-
Me)2((Oal

�)(OH)L-Me)2Cl2]$MeOH (1).

Fig. 4 Molecular structures of 2 [Ni4((O
�)2L-Me)3((Oal

�)(OH)L-Me)Cl]
(top) and the de-halogenated complex 3$2DMF [Ni4((Oal

�)2L-
Me)4(H2O)4]$2DMF (bottom) (explicitly shown for the atom connec-
tivity) [2–HCl ¼ 30]. Penta-coordinate Ni(II) centers (Ni1 and Ni4) are at
wing positions. H-atoms were omitted for clarity except between O3
and O8. H-bonding was shown with dotted lines. Selected bond
lengths (Å) and angles (�): Ni1–O12 1.955(5), Ni1–O6 1.987(4), Ni1–O4
1.989(5), Ni1–N4 2.035(6), Ni1–O5 2.252(5), Ni4–O7 1.982(5), Ni4–O8
2.025(4), Ni4–Cl1 2.188(2), Ni4–O9 2.220(5), Ni4–O10 2.388(5).
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The ligand containing N5-atom is bonded to two Ni(II)-ions
(Ni3, Ni4) in two pockets (P-II and P-I) connected via O7-
phenolate and Cl2-chloride bridges. The Ni3-center is further
coordinated by a solvent molecule (MeCN/MeOH) to adopt a ve-
coordination number, while, the octahedral Ni4-center is
chelated by another ligand via P-II, leaving P-I free. Similarly,
another dimeric unit of 1 contains two Ni(II)-ions (Ni1, Ni2). Ni3–
Cl2/Ni2–Cl1 and Ni4–Cl2/Ni1–Cl1 bond distances are 2.4035(18)/
2.4088(16) and 2.5416(18)/2.5267(16) Å, respectively. Two sub-
dimer units of 1 are rmly held together by hydrogen bonding
(O8/H/O9/O4/H/O3 2.41 Å) and weak Ni3/Cl1/Ni2/Cl2
interaction (2.7037(18)/2.609(2) Å) (Fig. 2, bond with blue color).
Additionally, one lattice methanol molecule is H-bonded to one P-
I. The self-assembly process leading to the formation of 1 is fav-
oured by H-bonding and Ni/Cl weak interactions. The driving
force for the formation of 1 could be explained by the favourable
Ni–Obonds (�61 kcalmol; a combination ofX and Y subunits of 1;
Fig. 3) with additional two H-bonds (Fig. 2, bottom). The base
(Et3N) mediated elimination of HCl might have dramatically
changed the structure of 1 into 2 in solution.

Complex 2 crystallizes in the monoclinic P21/c space group.
The unsymmetrical complex 2 contains four Ni(II) centres with
defect dicubane type Ni–O core topology (Fig. 4, top). Two
octahedral Ni(II) ions occupy the body positions and the other
two penta-coordinate Ni(II) ions are at the wing positions. The
formation of the monomeric three coordinate intermediate
species Y [((O�)2L-Me)Ni] was evident from the ESI mass spec-
trometric analysis.21b The assembly of two ((O�)2L-Me)Ni units
occurs in cis-fashion (ligand containing O6, O7, Ni3 and
another ligand with O4, O8, Ni2; Fig. 4, top). The third ((O�)2L-
Me)Ni unit (with O12, O5, Ni1) resides in between those two
units. The mono-anionic ligand (Oal

�)(OH)L-Me bridges
between Ni2 and Ni3 centers utilizing both P-I and P-II. The OH-
group (O3) is H-bonded (O3/O8 2.99 Å) with another bridging
phenolate anion (O8). The Ni–Cl unit (Ni4) is chelated in
between two P-I pockets at the right-wing position (Fig. 4).

The de-hydrohalogenation of 2 can easily lead to the
formation of 3. We assume that the Et3N mediated elimination
of HCl from 2 must have led to the formation of 3 (Fig. 4,
bottom) with major rearrangement of four Ni((O�)2L-Me) units
(30). Coordination of solvents at Ni(II)-centers might have led to
the formation of 3. The Ni4O4 of 3 possesses a distorted cubane
core topology (Fig. 4, bottom). Four m3-Oaminophenol atoms of
22854 | RSC Adv., 2021, 11, 22849–22858
four doubly deprotonated (O�)2L-Me ligands bridge (with
h0:h1:h1:h3:m3 bridgingmode) among four Ni(II) ions. Each Ni(II)
ion is coordinated by a water ligand to adopt octahedral coor-
dination geometry. In contrast, the (O�)2L dianion of previously
reported [Ni4((O

�)2L)4(MeOH)2] cubane19 displayed two
different bridging modes h0:h1:h1:h3:m3 and h1:h3:h1:h1:m3.
Theoretical calculations showed that the negative NPA charge
(�0.888/�0.881) on Oaminophenol atom of (O�)2L-Me/(O�)2L-H is
slightly higher than that of Oaminophenol (�0.855/�0.855) which
rationalizes the preference for only one bridging mode of
(O�)2L-Me in 3 (see ESI†).

The magnetic susceptibility measurements of 3 show that
the Ni(II) ions are ferromagnetically coupled below 100 K to give
rise to the ground state spin, S ¼ 4 (see ESI†).18,19 Thermogra-
vimetric analysis (TGA) of 3 suggests that loss of methanol
ligands of 3 to produce 30 which is stable till 350 �C.
© 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 5 Cyclic voltammograms of complex 3 in THF containing 0.1 M
[n-Bu4N]ClO4 as the electrolyte (CE: Pt, WE: GC, RE: Ag).
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3.2.2 Redox properties of complex 3. Cyclic voltammetry
(CV) studies of complex 3 in 0.1 M solution of [n-Bu4N]PF6 in
THF have shown a possible one electron quasi-reversible
reduction at E1/2 ¼ �2.37 V, indicating the generation of the
corresponding Ni(I) species (Fig. 5).

3.2.3 Oligomerization of complex 3 in solution. The iso-
lated pure crystals of complex 3 were thoroughly studied in
solution by ESI mass spectrometry before studying the catalytic
activities. The tetranuclear complex 30 [30 ¼ 3-4s (s ¼ solvent)]
was observed to remain in equilibrium with [Ni5((Oal

�)2L-Me)5]
when it is re-dissolved in MeOH. Complex 3 dissociates and re-
associates in DMF, MeCN and DCM solutions to form different
oligomers [Nin((Oal

�)2L-Me)n] (n ¼ 4, 5, 6, 8), which are in
equilibrium and characterized by ESI mass spectrometry either
in mono- and di-protonated cationic forms or with Na+/K+

cations (see ESI,† Fig. 6, Table 1).
The formation of higher oligomers is entropically unfavourable.

The polarity of the solvents usedwas found to play an important role
in displaying the oligomerization phenomenon. The temperature-
dependent 1H NMR of 3 studies show resonances from +40 to
�40 ppm. The 1H NMR resonances of 3 are broad and weak in
intensities which increase on warming up the CDCl3 solution (non-
coordinating polar solvent) and cooling down theDMSO-D6 solution
(coordinating polar solvent), respectively (see ESI†).

3.2.4 Complex 3 catalyzed cyclopropanation of electron-
rich aromatic heterocycles. Transition metal catalyzed carbene
Fig. 6 Experimental mass spectrum of 3 representing oligomerization
in aprotic solvent [Ni4((O

�)2L-Me)4] ¼ 30 ¼ [3 – 4H2O] (Table 1).

© 2021 The Author(s). Published by the Royal Society of Chemistry
transfer reactions28 have been widely utilized for stereoselective
cyclopropanation of aromatic heterocycles29 enabling the access
to numerous natural products and biologically relevant mole-
cules.30 In this regards, among the various synthetic strategies
available, one of the most prominent methods is the cyclo-
propanation at olenic double bond by metal catalyzed
decomposition of diazoacetates.31 However, there are only a few
reports on nickel catalyzed cyclopropanation exist in the liter-
ature.21b,32 As a part of our continuous efforts to design novel
transition metal-based catalysts for cyclopropanation, we envi-
sioned that the hexa-coordinate tetranuclear supramolecular
coordination cluster 3 containing coordinated water molecule
at each nickel centre might undergo dissociation of water
molecules in presence of suitable diazoesters resulting in the
formation of the nickel-carbenoid intermediates and thereby
can efficiently catalyze the cyclopropanation of electron rich
aromatic heterocycles through carbene transfer reaction. As an
initial proof, we could experimentally observe the binding of
dinitrogen to pentamer 5 [Ni5((Oal

�)2L-Me)5 + N2]
+ as (5 + N2)

+

and (30 + Na or H)+ by ESI mass spectrometry (Fig. 7, Table 1).
We initiated the catalytic studies of 3 (see Table S29† for

complete optimization table) by choosing N-Boc pyrrole 6a as the
substrate and ethyl diazoacetate 7a as the carbene source in DCM
at room temperature in presence of 0.25 mol% of the complex 3
(1.25 mol% per nickel). To our delight, aer 24 h, we could isolate
the expected cyclopropane carboxylate derivative 8a in 28% yield as
the single diastereomer (Table S29,† entry 1). Increasing the cata-
lyst loading to 1.25 mol% under similar reaction condition
increased the product yield to 39% (with 76% conversion) without
any loss of diastereoselectivity (Table S29,† entry 2).

However, further increase in the catalyst loading up to
2.5 mol% signicantly reduced the product yield to 25%.
Increasing the reaction temperature to 100 �C did not improve
the reaction yield. In this context, it is noteworthy to mention
that the previously reported Ni-catalyst21b from our group could
not yield any desired products under similar reaction condi-
tions showing a relatively better catalytic activity of the present
system. When we employed other multi-centered hexa-
coordinate nickel complexes developed in our group, e.g.,
Fig. 7 Experimental (bottom) and calculated (top) ESI mass of dini-
trogen bonded tetranuclear nickel complex [Ni5((Oal

�)2L-Me)5 + N2]
+

(5 + N2)
+ (see Table 1).
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Ni4(L-H)4(MeOH)2 and Ni2Dy2(L-Me)4(NO3)2(DMF)2 (Fig. S31†)
as catalysts,19,20 in the former case, the corresponding cyclo-
propanated product was obtained in low yield (16%); whereas in
the latter case no product formation was observed and the starting
materials was recovered in more than 90% yields. When a similar
reaction was carried out in DMF, no product formation was seen
(Table S29,† entry 6). When a similar reaction was performed in
the absence of complex 3, no conversion of the substrate (6a) to
product (8a) could be observed, conrming the catalytic activity of
complex 3 (Table S29,† entry 8).

Aer optimizing the reaction conditions, we moved towards
studying the substrate scope of the present catalytic system by
using various substituted aromatic heterocycles (6) and diazo-
esters (7) in the presence of 1.25 mol% of complex 3 as catalyst
(Scheme 3).

When N-Boc indole (6c) was employed as the aromatic
heterocycle in presence of ethyl 2-diazoacetate (7a) under
similar reaction conditions, the corresponding exo-cyclo-
propanated product 8g was obtained in 32% yield. In presence
of tert-butyl diazoacetate (7b) both N-Boc pyrrole (6a) and N-Boc
indole (6c) afforded the corresponding cyclopropanated
Scheme 3 Substrate scope for cyclopropanation of aromatic
heterocycles catalyzed by complex 3. aThe reported yields are for
reactions carried out at 100 �C using an oil bath.
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products 8b and 8h in 39% and 33% isolated yields, respec-
tively. When a more sterically hindered substrate, 3-methyl N-
Boc indole (6f) was employed, under similar reaction condi-
tions the diazoesters 7a and 7b yielded the corresponding
cyclopropanated products in lower yields (28% (8r) and 23%
(8r0), see ESI†). However, employing the substituted pyrrole and/
or indole derivatives and donor–acceptor type of diazoesters,
e.g., methyl-2-diazo-2-phenylacetate (7c) and 4-methox-
ypheneylmethyl diazoester (7d) we obtained the corresponding
cyclopropanated products (8c–8f, 8i–8l, 8m–8q, 8s–8u, 8w, 8x) in
increased the yields (34% to 86%) at a higher temperature of
100 �C with excellent diastereoselctivity. It is important to
mention here that at this temperature, no cyclopropane ring-opened
products were obtained.However, the solventmolecule (toluene) got
activated and the corresponding 3-methyl cyclohexene–cyclopro-
pane–carboxylates were isolated as minor products when
substituted indoles were employed as the heteroarene partner (see
ESI†). Performing the similar reactions with 7c–7d at room
temperature yielded the expected cyclopropanated products in lower
yields. The relative stereochemistry of the products, 8 were unam-
biguously conrmed by the single crystal X-ray diffraction of 8u.
Notable to mention that in all the above cases single diastereomers
were obtained although the product yields were found to be rela-
tively lower due to the overall sterically crowded nickel centres.

To have an insight into the reaction mechanism, we performed
the ESI mass spectrometric analysis of the reaction solution con-
taining 1 : 2 molar ratios of the pre-catalyst 3 and N2CHCO2

tBu
(7b) in toluene under an argon atmosphere at rt aer 1 h, which
revealed the formation of the diazoester bound various oligomeric
complexes 4 [Ni4((O

�)2L-Me)4(:CHCO2
tBu)(N2CHCO2

tBu)]+, 50 and
500 (for 4, n ¼ 4, for 50 and 500, n ¼ 5) (Scheme 4).
Scheme 4 Formation of the tetrameric species 4 (top). ESI-MS
spectrum of the reaction solution containing 3 and 7b after 1 h (n ¼
degree of oligomerization) (bottom) (see Table 1 for compositions of
different species).

© 2021 The Author(s). Published by the Royal Society of Chemistry



Scheme 5 Proton affinity values of (OH)2L-H and (OH)2L-Me ligands.
O2 (P-I) and O2N (P-II) pockets.
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The Ni(II) centers of 30 are expected to have ve-coordinate
geometries as in 2 aer losing weakly coordinated solvent
molecules of 3. A UV-vis absorption band was observed at
370 nm due to the binding of 7b with the catalyst 3/30 in DCM
(see ESI†). 30 having four Ni(II) centers with ve-coordinate
geometry can bind with two diazoesters (7b) to form 4 (tetra-
meric), 50 (pentameric) and 500 (trimeric) aer 1 h with the
formation of bubbles of N2 gas (see ESI,† Scheme 4, Table 1).

Based on these experimental results, we proposed a plausible
mechanism for cyclopropanation catalyzed by in situ generated
oligomeric {Ni(L-Me)}n species (n ¼ 5 to 8), which initially bind to
the diazoesters to produce the bis-nickel-carbenoids followed by
the carbene transfer to the C2–C3 double bond of the aromatic
heterocycle leading to the formation of the corresponding cyclo-
propanated product 8 (Scheme 5, Table 1).
4 Conclusions

In conclusion, we have synthesized a ferromagnetically coupled,
redox active tetranuclear Ni(II)-complex (3) with a Ni4O4 core
topology and relatively challenging O2N-donating mono-/di-
anionic Schiff base ligand in excellent yield. The mechanism
of formation of 3 has been proposed based on the structurally
characterized two chloride-containing intermediate complexes
(1, 2) with unique penta-coordinate Ni(II) ions and further
supported by theoretical calculations. The complex 3-catalyzed
cyclopropanation of various aromatic heterocycles has been
achieved at room temperature and/or at an elevated tempera-
ture of 100 �C depending upon the diazoester involved utilizing
the weakly coordinated solvent binding sites of Ni(II) ions of 3.
Complex 3 displayed oligomerization in aprotic organic
solvents to produce the species {Nin(L-Me)}n (n ¼ 4, 5, 6, 8),
which were characterized by mass spectrometric analysis. We
have shown that the oligomeric metamer can bind with dini-
trogen (5 + N2), and the species has been characterized by ESI
mass spectrometry. Three of such diazoester-bound oligomers
(n ¼ 3, 4, 5) have been identied by ESI-MS (see Table 1).
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